The dielectric properties of elastin were investigated at different levels of hydration and specifically at the limit of freezable water apparition. The quantification of freezable water was performed by Differential Scanning Calorimetry (DSC). Two dielectric techniques were used to explore the dipolar relaxations of hydrated elastin: dynamic dielectric spectroscopy (DDS), performed isothermally with the frequency varying from 10 À2 to 3 Á 10 6 Hz, and the technique of thermally stimulated depolarization currents (TSDC), an isochronal spectrometry running at variable temperature, analogous to a low frequency spectroscopy (10
Introduction
Protein surface hydration is essential to its structural stability and flexibility and protein associated water is often an integral element in biological activities [1, 2] . The relaxation dynamics of hydration water in proteins is believed to control important dynamics of the proteins themselves [3] . Protein function usually involves protein motions corresponding to transitions between conformational states. Nevertheless, a complete understanding of the underlying coupling of proteins and water motions is still lacking [4] .
For a series of globular proteins, the protein dynamics was proposed to be slaved [5] [6] [7] or plasticized by water dynamics, but the mechanism is still a subject of debate.
It has been suggested that the hydration shell and the surrounding bulk solvent have different effects on the protein motions. Fast b relaxations in the hydration would control fast local (b-like) fluctuations in the protein, whereas the cooperative a-relaxation in the bulk solvent would control the large-scale (a-like) protein motions [8] . It was also debated to what extent the slowdown of protein and water dynamics can be understood in terms of glass transition [9] . Some studies on hydrated proteins and more simple glass forming systems suggest that both the protein and the bound water participate in the glass transition mechanism [10] . In this case the relation between the secondary relaxation in the solvent and the conformation relaxation of the hydrated protein would be best described as symbiotic.
Connective tissues such as skin, lung, tendon and cardiovascular tissue are highly complex macromolecular materials. In addition to cellular components, the matrix contains fibers surrounded by a ground substance and water. The fibers are composed predominantly by fibrillar proteins, namely collagen and elastin [11] . Elastin can be considered as a three-dimensional network with 60-70 amino acids between two cross-linking points, conferring their extensibility to tissues [12] . It is noteworthy that elastin possesses a peculiar amino acid composition, with a great ratio of proline and glycine, driving a hydrophobic character for this protein [13] . The remarkable properties of hydrated elastin have aroused several studies to elucidate the structure-function relationship of this natural elastomer. This knowledge would be very important to understand the pathologies of elastic fibers, and to conceive new biomaterials with interesting elastic properties. Different recurring sequences of elastin were analyzed, through the synthesis and structure analysis of analogous polypeptides, or through molecular dynamics simulation, resulting in different models [14] [15] [16] [17] [18] [19] . The Tamburro's model deals with isolated and labile b turns, resulting in a fluctuant polypeptide chain with chaotic motions in the relaxed state. The dynamic entropy of the system significantly decreases in the stretched and more structured state, and the classical theory of rubber elasticity can be applied to these sequences. Elastin can be described as a two-phase model consisting of hydrophilic cross-linking domains rich in lysine and alanine, and dynamic hydrophobic domains responsible for elasticity [20] . The doi:10.1016/j.chemphys.2011.04.016 hydrophobic domains can be described as a compact amorphous structure with fluctuating turns, buried hydrophobic residues and main-chain polar atoms forming hydrogen bonds with water. The determinant role of water must not be forgotten in the phenomenon of elasticity, since water makes elastin extremely dynamic in its relaxed state [14, 20] .
Dielectric techniques are useful to scan the dynamics of proteins [2] [3] [4] 6, 21] . In a previous study [22] we investigated the chain dynamics of dehydrated elastin in the nanometer range by DSC and dielectric techniques (DDS/TSDC). We showed in that case that dry elastin possessed the peculiar features of a fragile liquid, associated with the strength and nature of interactions. We also investigated hydrated elastin by DSC and TSDC in the native state, namely for high degrees of hydration (typically 50% of hydration) and we could propose assignment for the different dipolar processes [23] ; nevertheless, the strong answer of ice can induce perturbation to explore more in detail the dynamics of the hydration shell of the protein.
More recently, DDS experiments on deeply supercooled hydration water in elastin and collagen showed that the dynamics of the hydration layer was influenced by the protein surface motion [24] . Moreover, the combination of DDS and 2 H/13C NMR experiments on hydrated elastin and collagen attempted to precisely assign the relaxation modes of the hydration layer [4, 9] to specific water motions. The combined motions of water and peculiar soluble sequences of elastin (reductionist approach) were also followed by DDS in solution and gave information on the mutual influence between solvent and peptide, clearly showing that peptides conformations and molecular mobility are correlated to the solvent, but also that solvent is conditioned by peptide [25] . In the present study we use the global approach to study elastin: first we propose to detect accurately the apparition of free water in the insoluble elastin/ water system, and second we propose to compare the dynamics of elastin for different levels of hydration, in order to scan the mobility of elastin and water from the hydration shell of the protein. Another aim will be to check if bound water alone is sufficient to assure protein mobility and consequently protein function.
Experimental

Materials
Insoluble elastin was purified from bovine ligament neck by the Lansing's method [26] and was shown by amino acid analysis to be free of microfibrillar proteins. It was freeze-dried and powdered into grains with diameter < 130 lm. After complete dehydration under P 2 O 5 overnight at 105°C, elastin was rehydrated with deionized water (resistivity equal to 18 MX cm). The hydration level h is defined as the mass of water divided by the mass of dry elastin and was adjusted between 0.1 and 2 for further analyses.
Differential Scanning Calorimetry (DSC)
DSC thermograms were recorded with a Differential Calorimeter DSC2920 from TA Instrument. The temperature and power scales were calibrated using the manufacturer's instructions with cyclohexane and indium as ICTA standards. Samples 5-10 mg were sealed into hermetic stainless steel pans and empty pans were used as references. After cooling at À30°C at 10°C/min and 5 min equilibrium, scans were performed from À30 to 40°C at 5°C/min.
Dielectric analysis
Dynamic dielectric spectroscopy (DDS)
The dielectric measurements were performed on a broad-band dielectric spectrometer BDS 4000 system from Novocontrol. Samples were kept in a special cell usually devoted to hydrated samples consisting of two stainless steel electrodes surrounded by a Teflon ring. The diameter of the electrodes was 10 mm, and the thickness of the samples was 0.2 mm. A blocking electrode (Teflon Ò film, 10 lm thick) was placed between the sample and the upper electrode in order to reduce the large contribution of electrode polarization to the spectra at low frequency and to suppress the parasite conduction, as already performed by some workers [6, 38] .
Isothermal measurements of the complex dielectric function e ⁄ = e 0 À ie 00 were performed at every fifth degree, with an isothermal stability of ±0.1°C, in the frequency range 10 À2 to 3 Á 10 6 .
The experimental limit for the loss factor (tan d = e 00 /e 0 ) was about 10 À4 .
Thermally Stimulated Depolarization Currents (TSDC)
Thermally stimulated currents measurements were carried out with a dielectric apparatus developed in our laboratory and previously described [27] . Samples were placed between two stainless steel electrodes surrounded by a Teflon ring. Measurements were performed with and without a blocking electrode consisting in a Teflon Ò film, 10 lm thick. Before experiments the cryostat was flushed and filled with dry He to insure good thermal exchanges. To record complex spectra, the sample was polarized with a static electric field E p at a given polarization temperature T p for a time t p which is long enough so that the polarization reached equilibrium. Then the sample was quenched by a cooling process to T 0 ( T p , allowing the orientation polarization P(T p ) to be frozen-in. Finally the electric field was cut off and the sample was short-circuited for a time t cc long enough to remove fast relaxing surface charges and to stabilize the sample temperature. The capacitor was then connected to a very sensitive electrometer (Keithley 642, 10 À16 A accuracy). The depolarization current I(T) induced by the linear increase of temperature (T = qt + T 0 ) was subsequently recorded versus temperature, giving the relaxation spectrum of the sample. In the present study, the polarization conditions resulting in reproducible dipolar relaxations were as follows: T p = 0°C, t p = 2 min, E p = 600 V/mm, t cc = 2 min and q = 7°C/min.
The TSC spectra of hydrated elastin obtained from this procedure are complex, arising from a distribution of relaxing entities. In order to resolve experimentally these spectra in a series of elementary depolarizations, the technique of Fractional Polarizations (FP) was applied. For this investigation, the sample was only polarized within a narrow temperature window DT during the cooling process, and the depolarization current was recorded as previously indicated. In the present work a value of 5°C was used for the interval of fractional polarizations. By shifting the DT polarization window by steps of 5°C in the temperature range of the complex relaxation modes, a set of elementary processes was obtained.
Results and discussion
Detection of freezable water in hydrated elastin
Thermograms of elastin hydrated between h = 0.22 and h = 1 are reported in Fig. 1 . An endothermic peak with a maximum at À2°C, with an intensity varying with the hydration level is observed for highly hydrated elastins. This endothermic peak corresponds to the melting of freezable water [28, 29] in the hydrated protein. Previous studies [23] showed that freezable water in hydrated elastin appears between h = 0.2 and h = 0.3. Here we carefully looked for this limit, which is comprised between h = 0.25 and h = 0.28 as observed in the enlarged zone. So we can assume that for elastin hydrated at h = 0.25 and below, there is only unfreezable water in the system. This value is in good agreement with literature values; usually about 0.3-0.7 g of bound water remains associated per gram of a ''dry'' protein [2] . In the case of elastin, one of the most hydrophobic proteins, the low value found is coherent. For h comprised between 0.25 and 0.28, a basic calculation -assuming that the average molar mass of one amino acid in elastin is 84 g/mol [30] -leads to the value of 1.2-1.3 molecule of water bound to one amino acid. These results are close to previous models on hydrated elastins, elaborated by analogy with polyamides/water systems [31] : for these authors, three molecules of water could be bound to two residues, the first one strongly bound to two carbonyl groups of elastin, the others more weakly bound, inserted between preexisting hydrogen bonds between carbonyl and amine groups. Similar results were obtained by solid state 13 C NMR on differently hydrated elastins, showing the existence of a first hydration layer, corresponding to a %30% hydration level of elastin [32] . As water is added, one plausible model might include an extensive network from peptide backbone to H 2 O molecules in the first, second and subsequent hydration layers.
When h > 0.25, some water molecules can form hydrogen bonds among each others, initiating bulk water formation, i.e. freezable water. Interestingly, the physical properties of elastin exhibit a nearly identical relationship to hydration: namely, samples with 40-100% hydration have rubber-like characteristics of flexibility and elasticity, whereas samples with 0-30% hydration are brittle [32, 33] .
Elastin and water dynamics 3.2.1. Global dielectric relaxations
The reel and imaginary parts of the complex permittivity of differently hydrated elastins from DDS experiments were measured from À150 to 30°C. In Fig. 2 , the three-dimensional representation of the dielectric loss, i.e., the imaginary part of the dielectric function e 00 versus frequency and temperature is shown for elastin hydrated at h = 0.25. The dielectric spectrum can be described by several processes, both relaxations, which give rise peaks in the spectrum, and polarization effects or conductivity, which both cause an increase of e 00 at low frequencies. For more convenience, we have plotted in Fig. 3 selected isochronal dielectric losses (e 00 ) versus temperature for elastin hydrated at h = 0.25. The four relaxation modes have been labeled b1, b2, p1 and p2 in the order of decreasing frequency at constant temperature (Fig. 2) , or in the order of increasing temperature at constant frequency (Fig. 3) , by analogy with previous dielectric studies on other hydrated proteins [6, 34] .
The imaginary and real parts of the dielectric spectra of differently hydrated elastins were fitted using the well-known Havriliak-Negami (HN) functional form [35] :
where a and b are the spectral shape parameters, s HN the average relaxation time, e 0 and e 1 the limits of the dielectric permittivity at null and infinite frequencies obtained from the fits. Decomposition of the loss spectra into individual processes was accomplished using several HN functions (in general, 2 HN functions) and a conductivity term (r 0 /ix 0 ) when needed. In a general way, the different loss peaks were sufficiently distinct so that the maximum of each peak was observable. There is a highly controversial discussion whether advantages or disadvantages when using blocking electrodes in dielectric studies on systems showing substantial conductivity. As a matter of fact, a Maxwell-Wagner polarization may arise. If so, the slowest process (p4) might not be due to protein motions.
Since TSDC generally allows a good resolution of relaxation processes, due to its very low equivalent frequency, complementary information can be brought by this technique; the complex TSDC spectra of elastin hydrated at h = 0.25 (with and without using a blocking electrode) recorded after a polarization temperature of À5°C are reported in Fig. 4 . Without the use of a blocking electrode, two modes are observed at low temperature, located at À135°C and À108°C, respectively, and followed by a great increase of the intensity due to electrode polarization and/or conductivity. A mode is present as a shoulder between À75°C and À70°C. When a blocking electrode is used, the lower temperature mode remains quasi unchanged, but with the suppression of the parasite conductivity the third relaxation process is revealed as a peak at À60°C. Reminding that the equivalent frequency of TSDC is close to 10 À3 Hz in this temperature range [36] , a good agreement is noticed between the TSDC spectrum of hydrated elastin (h = 0.25) and the isochrones extracted from DDS relaxation map reported in Fig. 3 : the four processes b1, b2, p1 and p2 with increasing temperature at constant frequency are detected in both cases. As p1 is observed in TSDC without blocking electrode, it can be associated to a relaxation process. The dipolar character of p4 remains uncertain, since this mode is hidden under the conductivity when no blocking electrode is used.
Comparative studies on elastin at h = 0.1 showed that the blocking electrode did not induce additional process on the dielectric spectra [22, 37] . Nevertheless, more hydrated elastin corresponds to a more complex system and artifacts can be brought by the use of a blocking electrode. That the reason why we must be cautious with the interpretation of high temperature modes, and mainly focus in this study on the fastest components b1 and b2 modes.
In Fig. 5 are plotted the dielectric losses (e 00 ) of elastin hydrated between h = 0.1 and h = 2 as a function of frequency for the isotherms T = À100°C. As well described in literature data, these two relaxation processes are usually observed in hydrated polymers, biomolecules and small organic molecules in solution and associated with the water dynamics. As observed in literature data [6, 9, 38, 39] , this mode is symmetrically broadened (b % 1, 0.4 < a < 0.5), suggesting that it is due to a more local b-relaxation rather than the cooperative a-relaxation. The faster process (b 1 ) is known as the universal b relaxation in deeply supercooled confined water [9, 10, 34, 39] and it is generally addressed to the reorientation of water molecules. The associated dielectric strength evidences that this reorientation is not assigned to pure solvent but to the hydration layer [24] . The b2 mode is also found symmetrically broadened ((b % 1, 0.5 < a < 0.75) in the temperature domain where it is observable. The assignment of the slower process b2 is more ambiguous: the presence of a relaxation process in this temperature/frequency range is reported in literature data [39] for various systems hydrated between 30% and 50% (h between 0.4 and 2), and usually follows a Vogel-Fulcher-Tammann [41] dependence with temperature. It has been associated with the cooperative rearrangement of the whole system, i.e. the matrix (solute) plus water [39] . For others workers, this mode can follow an Arrhenius-like dependence and it could be attributed to local non cooperative motions of the proteins, probably polar side groups [6, 34] , or associated with a region of the protein where dominates tightly bound water [38] . In the case of collagen, a fibrillar protein from connective tissues, the b2 process only appears for hydration levels superior to 0.3 and was attributed to excess, freezable water [4, 21] . To clarify the b2 mode origin in the case of hydrated elastin, we also plotted on Fig. 5 the dielectric loss (e 00 ) of pure de-ionized ice. We can observe that the b2 mode is present for the differently hydrated elastin, from h = 0.1 to h = 2. For h = 0.1 to h = 1, the maximum of b2 mode is comprised between 0.1 and 1 Hz, whereas the relaxation process of deionized ice is observed at higher frequencies. Moreover, we checked by DSC that elastin at h = 0.1 and h = 0.25 did not possess freezable water so the b2 mode observed in hydrated elastin (h = 0.1-1) was not be attributed to pure ice in this case. For h = 1, the dielectric answer of ice must be hidden by the b1 and b2 processes but its presence is testified by the translation of the e 00 curves toward high values. For elastin at h = 2, the three processes -the b1 mode, the b2 mode and the mode of pure ice -are observed in this frequency range, requiring in this case a fit by 3 HN functions. A similar behavior was found for hydrated bovine serum albumin [38] : the low temperature dielectric processes are readily distinguishable at low water content. However, with increasing water content, the processes evolve gradually into a broad spectrum at which point a physically meaningful separation of the overlapping processes is not possible.
Fast dynamics:
b1 and b2 processes 3.2.2.1. Temperature dependence of the b1 mode. Fig. 6 shows the temperature dependence of the average relaxation time s HN for the fastest process, namely the b 1 mode, for elastin hydrated between h = 0.25 and h = 2 (for h = 0.1, the b 1 mode is not detectable).
Also superimposed are the temperature dependence of s HNb1 for a large class of hydrated organic molecules (h = 0.4-1) from literature data [39] . For the differently hydrated elastin, an Arrheniuslike behavior is found as already observed in literature data in the same scale of hydration [9] , without any transition to a VTF behavior. The activation energies obtained from a linear fit are close to 53 kJ/mol (except for h = 2, with Ea = 33.6 kJ/mol), and the preexponential factors s0 comprised between 10 À20 and 10 À21 s. These values are very similar to values from literature including a wide range of hydrated materials [3, 24, 38, 40] . As the enthalpy of hydrogen bonds in ice I was estimated at À23 kJ/mol [42] , the values of Ea roughly correspond to the energy needed for the breaking of two hydrogen bonds [24, 40] . As already observed [9, 39, 43] , the value of Ea is significantly larger than 46 kJ/ mol, and this increase was interpreted as the self-association of water molecules in hydrophilic solutions [39] . In our case, elastin is insoluble and considered as a hydrophobic protein when compared to others proteins. Nevertheless, from a chemical point of view its ability to form hydrogen bonds with water confers a hydrophilic behavior. So the b1 mode of hydrated elastin, as previously assigned in literature for others materials, is associated with the reorientation of water molecules in the hydration shell of elastin. A recent study by 2 H NMR spin-lattice relaxation showed a nice agreement with the results of the dielectric process b1 for elastin, collagen and myoglobin hydrated between h = 0.25 and 0.43, indicating that the same dynamical process is probed by DDS and NMR [4, 9] . The NMR data indicate that the reorientation of water molecules in the hydration layer involves large jump angles, most probably distorted tetrahedral jumps, differing from a rotational diffusion, without excluding that the tetrahedral jump motion is governed by the protein surface. The b1 mode allows following the dynamics of hydrogen bonds network in the hydration layer of elastin.
For higher degrees of hydration (h = 2), the activation energy of the b1 mode is lower. In this case, free water constitutes 87.5% of the whole water and must influence the dynamics of the hydration layer, with an increasing gradient between closely bound water and loosely bound water. In this case, the temperature dependence of the deionized ice relaxation mode can be followed and an Arrhenius-like dependence is found with an activation energy of 20.4 kJ/ mol, in agreement with literature data for deionized or distilled water and saline solutions of low concentration [44] [45] [46] [47] .
3.2.2.2.
Temperature dependence of the b2 mode. Fig. 7 shows the temperature dependence of the average relaxation time s HN of the b 2 mode for elastin hydrated between h = 0.1 and h = 2; also superimposed are the temperature dependence of the relaxation time of b2 for hydrated proteins and organic molecules (h = 0.2 to 2) from literature data [6, 9, 34, 38, 39] . For elastin, an Arrhenius-like behavior is noted for the different hydration level, with average values of activation energies varying from 42 to 48 kJ/ mol, and preexponential factors between 10 À17 s and 10 À14 s. For elastin at h = 2, as previously observed for the b1 mode, the relaxation times s HN is lower, attesting a faster dynamics of the b2 mode in this case. As for the b1 mode, the activation energy is that required to break two hydrogen bonds. Nevertheless, we must be cautious on the origin of this b2 mode: some workers observe a mode with a similar dynamics in collagen for h > 0.3 and attribute it to excess water [9, 24] . For others, the b2 mode observed in hydrated myoglobin, hemoglobin and albumin could be assigned to little cooperative reorientations in the system protein-water [6, 34, 38] . As reported on Fig. 7 , the relaxation time of the b2 mode of elastin in the scanned temperature range is intermediate between the relaxation mode associated to excess water [9, 24] and the relaxation mode addressed to the localized motions of hydrated side groups on the proteins [6, 34, 38] , preventing us from an unambiguous assignment. Nevertheless it can argued that even for a low hydration level (h = 0.1), the relaxation mode attributed to the b2 one is detectable, with a similar dynamics as observed for higher hydration levels. So a low water content (9%) seems sufficient to initiate local motions in the protein (note that the b2 mode is lacking for completely dehydrated elastin [48] . The fact is in good agreement with the CPMAS spectra of 0-30% hydrated elastins which are similar [32] . This indicates that the water coverage provides the flexibility needed for the biological activity of the protein [2] . Water helps in reducing the number of barriers in the free energy landscape.
Evaluation of b2 cooperativity.
In order to get complementary information on the relaxation processes scanned by DDS, the fractional polarization (FP) method was applied to resolve experimentally the complex TDSC spectra of hydrated elastin into elementary spectra. The set of elementary spectra recorded by shifting the polarization window from À140 to À45°C are reported in Fig. 4 . Each elementary spectrum obtained by the FP method can Fig. 6 . Temperature dependence of the relaxation times s HN for the b1 process of elastin for various hydration levels. Also reported are the relaxation times s HN for the b1 process in hydrated organic molecules from literature data [35] . Fig. 7 . Temperature dependence of the relaxation times s HN for the b2 process of elastin for various hydration levels. Also reported are the relaxation times s HN for the b2 process in collagen [9] , serum albumin [38] , myoglobin [34] , hemoglobin [6] and pentaethylene glycol [39] . be considered as a Debye peak, and thus is associated with a single relaxation time s(T). Using the Bucci-Fieschi's framework [49] , the temperature dependence of s(T) can be determined experimentally without any hypothesis on its temperature dependence, by the following relationship:
where P(T) is the polarization, I(T) is the depolarization current and T f the final temperature when I(T) returns to 0.
The elementary relaxation times s(T) computed from each elementary spectrum are plotted versus the reciprocal temperature in Fig. 8 . Since the origin of the p4 mode is uncertain and could be due to the use of a blocking electrode, we chose to superimpose on this figure the temperature dependence of s HN for elastin (h = 0.25) obtained from DDS measurements for the b1, b2 and p1 processes. We notice that the temperature dependence of all the relaxation times isolated by the FP method obeys an Arrhenius-Eyring law:
where k is Boltzmann's constant, R the gas constant, h the Planck's constant, DH the activation enthalpy in J mol À1 and DS the activation entropy in J mol À1 K
À1
. Note that the T À1 variation is negligible regarding the exponential term so that s 0 = h(kT)
À1 exp(ÀDS/R) is practically independent on temperature. Each elementary relaxation time is so characterized by the pre-exponential factor s 0 and the activation enthalpy DH. For each elementary process of hydrated elastin (h = 0.25) are plotted the activation enthalpy DH versus the temperature of the peak in Fig. 9 . A good agreement is observed between the temperature dependence of the relaxation times of the different relaxation processes scanned by TSDC and DDS in Fig. 9 . The decomposition of the b1 mode is not accessible via TSDC (the experiment should be performed at lower temperature) but the b2 and p2 processes are observed in the different time scales according to DDS and TSDC scanning frequencies. The relaxation time s HN from DDS is a global relaxation time whereas the relaxation times from TSDC are elementary and give access to the experimental distribution.
The criterion of Starkweather [50] can be used to analyze the nature of the molecular mobility. To discriminate between cooperative processes, the Starkweather's function (continuous line) has been superimposed in Fig. 9 . It corresponds to activation enthalpies derived from activated states theory at null activation entropy, and obeys the following law:
where f eq is the equivalent frequency of TSC (f eq 10 À3 Hz with our experimental conditions).
It can be observed from Fig. 9 that the lowest temperature process b2 obeys the null entropy prediction: this relaxation process can be considered as non-or little cooperative. Previously attributed by DDS to local motions in the elastin-water system, it reflects the movement of small molecular segments without modification of the environment. So it prevents us from addressing it to a delocalized motion.
3.2.2.4.
Relation between b1 and b2 modes. As firstly showed by Fennimore et al. [5, 7] on hydrated myoglobin, internal proteins motions would be slaved by the fluctuations in the hydration shell, while large scale proteins motions of protein would be slaved by the fluctuation of the bulk solvent. Others studies showed this coupling dynamics for hydrated proteins [34] or hydrated organic molecules [39] . At the present time, this kind of study has not been performed for a fibrillar protein such as elastin. We reported in Fig. 10 the variations of the relaxation time of the b2 mode versus the relaxation time of the b1 mode for elastin at h = 0.25, 1 and 2 in logarithmic scales. For the hydration levels h = 0.25 and h = 1, a direct power law is observed (slope of the line is 1) with s HNb 2 % 10 3 s HNb 1 . The relation is less direct for h = 2, because of the difficulty to extract properly the relaxation time of bound water in a system that contains 87.5% of bulk water. So we can assume, as observed for globular proteins, that the model suggested by Fenimore is consistent for elastin: the dynamics of elastin/water local motions is driven by the dynamics of water molecules in the hydration shell, the b1 mode being a thousand fold faster than the b2 mode. This fact can be illustrated by a dynamic exchange between the different hydration layers around the protein, as suggested in different hydrated proteins models [1, 2] . 
Slower dynamics: p1 process
The p1 process observed by DDS is symmetrically broadened (b%1, 0.77 < a < 0.5). Via the FP procedure, an increase of DH is observed for the p1 process, with values of DH between 55 and 75 kJ/ mol as reported in Fig. 9 . The relaxation processes becomes complex, involving cooperative motions of neighboring segments. If we plot the variation of log s 0 versus DH, a linear law is observed for the points associated with the p1 process: log s 0 ffi À1977-
DH. Such a phenomenon, known as a compensation effect, was observed for hydrated elastin at h = 1 [23] , on a larger range of enthalpies (up to 100 kJ/mol). In this case the dielectric peak was attributed to the relaxation of the complex elastin-bound water, that needs more energy to reorientate itself than free water and that must be a distributed relaxation, reflecting the distribution of water attachment sites along the polypeptidic chains, as already observed in hydrated keratins [51] , hydrated collagen [52, 53] , water-methyl cellulose system [54] or of swollen polymers like PA, PVAc [55] . Previous dielectric works on hydrated proteins like lysozyme showed that bound water in this case behaves as a glassy system [56] ; the large compensation observed for the p1 mode, with values of s 0 and Ea reaching maxima generally observed for the dielectric manifestation of glass transition in polymers, could indicate a similar glassy behavior of bound water in elastin. As suggested in literature [57] , this slower process could be attributed to the reorganization of the whole hydrogen-bond network, which affects rigidity, and hence, may be the a process.
Finally, mechanical analysis of different elastin-polar solvent systems [34] evidenced such a relaxation mode, whom intensity and activation enthalpy increased with the size of the solvent (water, ethylene glycol and triethylene glycol were tested), confirming our assumption.
Conclusion
This study shows that the combination of both thermal analysis and dielectric techniques is useful to characterize a biopolymer in the hydrated state. The ''filling'' of the hydration shell of elastin is followed by DSC. The first hydration shell is completely ''full'' for 1.2-1.3 molecules of water bound to one elastin residue, when only non-freezable water covers the shell of the protein.
Localized motions (at the nanometric scale), undetectable by DSC, that occur at low temperature can be observed by the combined use of DDS and TSDC. In this case, the evolution of the local dipolar reorientations have been followed for different hydration contents, revealing an increasing complexity when coexist elastin, unfreezable water and freezable water. The fastest process b1 mode is attributed to reorientations of water in the hydration shell, needing the breaking of two hydrogen bonds (%50 kJ/mol) to occur. The assignment of the second fast process (b2 mode) is less obvious, as distinct interpretations are given in literature. In the case of hydrated elastin, this mode could be addressed to localized, non cooperative motions in the elastin/water system. A direct power law is evidenced between the relaxation time of the b1 mode and the b2 mode, leading us to conclude that the fast dynamics of water in the hydration shell drives the b2 one. So the dynamic nature of the hydration shell would lend significant mobility to the protein, as already observed in globular proteins.
These fast processes were shown non-or little cooperative when compared to the process p1, which is associated with more energetic (55-80 kJ/mol) and more cooperative motions in the elastin-water system.
These results on hydrated elastin are a basis to help to the question -How the solvent influences the protein dynamics -which still remains largely unanswered. Moreover, our experimental data could be useful for the assessment of starting conditions in molecular dynamics simulations: simulation on long polypeptidic sequences of elastin could be launched with a small hydration level, typically 10%, corresponding to detectable localized reorientations of the complex water/residues in dielectric spectroscopies.
At the present time we scanned the different kinds of mobility of hydrated elastin in the frozen state; the next step of the study will be performed at physiological temperature to follow the dynamics of hydrogen bonds network and protein, and to test in this case the two state model implying the dynamic exchange between bound and free water molecules [2] .
